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Outline of the Presentation
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Introduction

putational simulations have become a key contribut

Design and virtual prototyping of engineered system

Supplement physical testing with virtual testing of e
tems

Acquisition of new military systems

Certification of the performance, safety, and reliabili
sequence systems that cannot be tested

 are verification and validation (V&V) important?

V&V are the primary means of assessing accuracy i
tional simulations.

V&V are quantitative confidence assessment tools f
tional simulations.
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AIAA/DOD Definition of Verifica

ation: The process of determining that a model impl
rately represents the developer’s conceptual descr
el and the solution to the model.

VERIFICATION
TEST

=
Comparison and

 Test of Agreement

COMPUTATIONAL
SOLUTION

COMPUTATIONAL
MODEL

CONCEPTUAL
MODEL

CORRECT ANSWE
PROVIDED BY HIGH

ACCURATE SOLUTIO

• Analytical Solutions

• Benchmark Ordinary
     Differential Equatio
     Solutions

• Benchmark Partial
     Differential Equatio
     Solutions
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DOD Definition of Validation

tion: The process of determining the degree to which
rate representation of the real world from the persp

nded uses of the model.

COMPUTATIONAL
MODEL

=

VALIDATION
TEST

EXPERIMENTAL
DATA

• Unit
  Problems

• Benchmark
  Cases

• Subsystem
  Cases

• Complete
  SystemComparison and

 Test of Agreement

COMPUTATIONAL
SOLUTION

CONCEPTUAL
MODEL

REAL
WORLD
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Validation and Predictive Capa

el updating based on previous experimental data (so
red to as “model validation”):

Properly referred to as parameter identification and 
tion.

Can use techniques such as Bayesian updating and
Monte Carlo methods to determine model parameter

Effective for engineered systems “close” to validation

rnative approach:

Appropriate for engineered systems that must opera
conditions under which they were validated (or calib

Requires increased independence between validation

Requires improved quantification of comparisons of
and experiments: validation metrics
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to Prediction

plex System
t in validation
database)

Computational Predictions
of Experimental

Outcomes

Experimental Outcomes

alidation
periments

D
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Computa
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Validation Domain and Applicati

Validation
Domain

x2

x1

b) Partial Oa) Complete Overlap

Validation
Domain

Application
Domain
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Validation Domain and Applicati

Application
Domain

Validation
Domain

x2

c) No Overlap
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V&V Requirements

Specification of
Application Driver

V&V Planning
Activities

Code Verification,
SQA Activities,

and Error Assessment
Validation Experiment
Design and Execution

Definition o
Validation Met

Assessment of
Predictive Capability

Documentation
of Results

Assessment of
Validation Metric Results

1

2

3
4

6

7

8
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V&V Requirements and Prioriti

Application Requirements

ysical
nomena
ortance

Conceptual
Model

Adequacy

Code
Verification
Adequacy

Experimental
Adequacy

PIRT

Catagories of PIRT Informat
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Computational Physics

on studied over 100 scientific production codes over
onclusion:

“Scientific calculations should be treated with the s
measure of disbelief researchers have for unconfirm

physical experiments.”

ecommend that verification activities should be divi
s:

Numerical algorithm verification (code verification)

Software quality assurance (SQA, SQE)

Numerical error estimation (solution verification)

goals and tools of each are significantly different.

ever, all verification activities should deal only with 
a posteriori, performance of the code.



Integrated View of

t

ce Practices

ment

Formal
Testing

d Testing

Glass Box
Testing
Ty

• A
• M
• O
• P
• C
• A
• S
• I

Num
10/30
Engineering Sciences Center

13/02

Verification Assessment

CODE VERIFICATION ACTIVITIES

pes of Algorithm Testing:

nalytic solutions for simplified physics
ethod of manufactured solutions
DE benchmark solutions
DE benchmark solutions
onservation tests
lternate coordinate system tests
ymmetry tests
erative convergence tests

erical Algorithm Verification Software Quality Assuran

Configuration Manage

Static
Analysis

Dynamic
Testing

Software Quality Analysis an

Regression
Testing

Black Box
Testing
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Numerical Error Estimation

fficient grid and time-step convergence is typically t
ributor to computational error.

steriori (vs. a priori) methods are the only useful me
ating error on nonlinear partial differential equation

 types of grid and time-step error estimation method

Comparison of numerical solutions of the discretized
different grid sizes (related to h-adaptivity)

Comparison of numerical solutions from different di
methods on the same grid (related to p-adaptivity)

ntages and disadvantages of each approach:

Multiple grid solutions are the most accurate and re

Multiple order methods require much less computat



Validation Experiment Methodology:
erarchy

d

l

terization and

of interest

ects physics

n sed to
rarchy.

m

le
• Vali

•

•

•

•

•

• Phe
prio

• Exa

•

10/30
Engineering Sciences Center

15/02

Construction of a Validation Hi

ation hierarchy construction should:

Carefully disassemble the complete system

Identify experiments that are attainable and practica

Identify experiments where validation quality charac
measurement data can be obtained

The top of the hierarchy focuses on the application 

The bottom of the hierarchy focuses on separate-eff

omena Identification Ranking Table (PIRT) can be u
ritize individual validation experiments within the hie

ple:

Air-launched, air breathing, hypersonic cruise missi
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Hypersonic Cruise Missile

Low
temperature
sublimation

Boundary
layer

transition
over simple

bodies

Shockwave/
turbulent
boundary

layer
interaction

Turbulent
hypersonic
flow with

wall
blowing

Turbulent
hypersonic
flow over

simple
bodies

Laminar
hypersonic
flow with

wall
blowing

Laminar
hypersonic
flow over
simple
bodies

Non-
isotropic

heat
conduction

Laminar
Hypersonic
Flow With
Ablation

Turbulent
Hypersonic
Flow With
Ablation

Boundary
Layer

Transition
With

Ablation

Ablation Of
Thermal

Protective
Coating

Heat
Transfer
To Metal

Substructure

Structural
Subsystem

Electrodynamics
Subsystem

Navigation and
Guidance,

Control

Warhead
System

Propulsion
System

Couples
to GNC

Couples
to GNC

BE
NC

HM
AR

K

TI
ER

SU
BS

YS
TE

M
SY

ST
EM

Couples to stru

subsystem and c

to benchmark

Protection Subsystem
Aero/Thermal

TI
ER

TI
ER

Airframe
System
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Hypersonic Cruise Missile
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Characteristics of a Validation E

lidation experiment should be jointly designed and 
erimentalists and computationalists.

lidation experiment should be designed to capture t
sics, all initial and boundary conditions, and auxiliar

lidation experiment should use and develop all poss
ergisms between experimental and computational ap

pendence between computational and experimental
uld be maintained where possible.

erarchy of experimental measurements should be m
ents an increasing range of computational difficulty

elop and employ experimental uncertainty analysis p
neate and quantify random and bias errors.



h f:

put for compu-

ut for compu-

r ent as a
• App

•

•

•

• Eac

•

•

•

• We 
valid
10/30
Engineering Sciences Center

19/02

Validation Quantification

roaches to validation quantification:

Model updating

Hypothesis testing

Comparison of computation and experiment

 approach relies on statistical measures because o

Random experimental measurement error

Uncontrolled experimental parameters needed as in
tational simulations

Unmeasured experimental parameters needed as inp
tational simulations

efer to the comparison of computation and experim
ation metric.
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Validation Metrics

input

re
sp

on
se

experiment
computation

(b) Deterministic

experiment computation

input

re
sp

on
se

experiment
computation

(d) Numerical Error
re

sp
on

se

(c) Ex
   Un

input

re
sp

on
se

experiment
computation

(e) Nondeterministic
Computation

(a) Viewgraph Norm

Co
m

pu
ta

tio
n 

- E
xp

er
im

en
t

(f) Qua
     Com

0



Recommended Features for

t

om errors and

n computa-
future applica-

ations of a

tal measure-
m uncertainty
• Fea

•

•

•

•

•

•

10/30
Engineering Sciences Center

21/02

Validation Metrics

ures that should be included in a validation metric:

Should include an estimate of the numerical error.

Should include an estimate of the experimental rand
the correlated bias errors.

Should include a test of the modeling assumptions.

Should only provide a measure of agreement betwee
tion and experiment (not a measure of adequacy for
tions).

Should depend on the number of experimental replic
given experimental quantity.

Should include uncertainty due to lack of experimen
ment of needed computational quantities and rando
in experimental parameters.
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Uncertainty and Error

ertainty and error are commonly used interchangeab
putational physics.

mber of researchers have argued that uncertainty a
ld be clearly separated.

A recognizable deficiency in any phase or activity of
ulation that is not due to lack of knowledge.

Acknowledged errors can be estimated, bounded, o
(discretization error, iterative error, geometry approx

Unacknowledged errors are mistakes or blunders.
(source code errors, compiler errors, incorrect input



Predictive Capability:

t  of modeling
c

egregate
e

cible uncer-

joint stiffness

y, model form

d fracture
rget charac-
Uncer
pro

• Risk
unc

•

•

•

•

10/30
Engineering Sciences Center

23/02

Uncertainty

ainty: A potential deficiency in any phase or activity
ess that is due to lack of knowledge.

 assessment and information theory communities s
rtainty into:

Aleatory uncertainty (variability, randomness, irredu
tainty)

Ex: Random variation in thermodynamic properties,
and damping due to manufacturing variability

Epistemic uncertainty (lack of knowledge uncertaint
uncertainty, reducible uncertainty)

Ex: poor understanding of turbulent-reacting flow an
dynamics, and lack of knowledge of deeply buried ta
teristics
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in Computational Predictions

rces of uncertainty in computational predictions:

Validation metric will (hopefully) be a statistical mea

Conditions for the prediction will typically involve bo
and epistemic uncertainty

Alternate plausible models of the physical process

ntities needed for input to the predictions:

Input parameters (e.g., material properties, transpor

Initial conditions (e.g., initial fluid temperature, bolt 

Boundary conditions (e.g., inflow conditions, forcing

e uncertainties are normally mixed with numerical e

deterministic simulations are required to construct a
putations for a prediction.
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Nondeterministic Simulations

the unknown or experimentally uncontrolled value c
ability distribution.

Probability distributions are either determined exper
assumed.

Characterizing the source of the uncertain

ct input values using statistical sampling procedure

Monte Carlo or Latin Hypercube procedures are typi

Uncertainty propagation through the computation

 multiple individual computations, construct proba
ributions of the required output quantities.

Multiple computational realizations are statistically c
the experimentally measured quantities.

Uncertainty quantification in the computational r
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Prioritization of Assessment A

Phenomena Identification and Ranking Table (PIRT)
e most effective method for prioritization of V&V ac

 can incorporate relative importance and adequacy:

Importance of multiple phenomena

Importance of multiple applications

Adequacy of alternative conceptual models

Adequacy of verification activities

Adequacy of validation simulations

Adequacy of validation experiments

ods for combining relative importance and adequac
loped and evaluated.



Major Research Issues:
ctivities
10/30
Engineering Sciences Center

27/02

Prioritization of Assessment A
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Verification Activities

Method of Manufactured Solutions (MMS) should be
e broadly:

Within the disciplines where it is already used, e.g., 
multiphase flow, free-surface flows, and large-eddy 

Across more disciplines, e.g., large plastic deformat
dynamics, radiation transport, and electromagnetics

Proper treatment of boundary conditions for mixed e
bolic, and hyperbolic PDEs

lopment of verification methods for non-unique sol
inear PDEs:

Solution bifurcation of elliptic PDEs

Chaotic solutions of hyperbolic PDEs
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Validation Activities

her development and use is needed of the validation
ystem validation pyramid.

lopment of methods is needed to assess the adequ
ntended application, of:

Formulation of the validation metric itself

Numerical value of the metric

 tasks will be difficult because application requirem
ics are:

Commonly not known or firm at the higher levels of 
hierarchy

Rarely known for lower levels in the validation hiera
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Validation Activities (continued

itional research is needed in the formulation of valid

For steady-state problems, metrics constructed ove
fields

For unsteady problems, formulate metrics in time

For unsteady problems with eigen frequencies, form
ric in the frequency domain

Methods for propagating metrics at lower levels of th
hierarchy to higher levels of the hierarchy

sian updating and other calibration methods should
tional ideas for formulation of metrics.

arch is needed into determining measures of “dista
lidation experiment and an application condition.
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Management Issues

dversarial or competitive relationship may exist bet
putationalists and experimentalists, either within or
nizations.

agement must:

Become aware of adversarial or competitive relation

Avoid any inadvertent endorsement of adversarial o
relationships

Promote synergistic relationships

oved methods should be found for presenting concis
sures of V&V maturity.

cation and validation dial-meters for codes and calc
ificant promise to show relative status.
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Management Issues (continued

agement must recognize the importance of nondete
lations for validation metrics and in predictive capa

ems that have heavily relied on computational simu
ty certification requirements have fully accepted this

Nuclear reactor safety

Underground storage of nuclear wastes

agement must find ways to emphasize or quantify th
&V activities.

ors that could be used to emphasize/quantify value 

Professional risk to the code user of software inaccu

Organizational risk of software inaccuracy/failure, e
liability cost, environmental damage, and national se
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Industrial Setting

culties of commercial code validation in an industria

Range of accuracy requirements between customer

Split responsibility for validation between industrial
commercial code company

strial users must commonly deal with a complex mi
uncertainties:

Under-resolved grids

Poor grid quality

Inadequate iterative convergence

Calibration of physical model parameters

strial users attempt to manage uncertainties and rely
putation of incremental changes from their databases
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Commercial Software

culties of implementing V&V procedures for comme

Code verification and SQA activities for a very wide 
puter hardware, system software, and complier soft

V&V cannot be completely tested for all possible co
input and output options, and internal options availa
mercial software.

Bug finding, fixing, tracking, and reporting is much 

umentation and availability of V&V activities of comm
are has been, in general, very poor.

tronic documentation, either in the commercial softw
 site of the commercial software company, is recomm

 training and support of commercial software comp
e model for industrial developed software.
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Development of Standards

mpts should be made to standardize the meaning of

Validation does not imply adequacy for applications
assessment

Validation implies adequacy for specified application
point

 for industry-wide standards for V&V terminology, p
tools:

Professional engineering societies

Important role of European Research Community on
lence, and Combustion (ERCOFTAC) and National A
Finite Element Methods and Standards (NAFEMS)

These efforts should be discipline specific and shou
posed of a very broad constituency.
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Development of Standards (co

pilation, generation and documentation of highly ac
tions for code verification should be initiated:

Sometimes referred to as strong-sense benchmarks

Role for professional engineering societies, academ
nonprofit organizations, and commercial software c

pilation, generation and documentation of validatio
ld be initiated:

Attempts have been made by the AIAA CFD Commit
dards and National Project for Applications-oriented
(NPARC) in CFD

Thematic Network on Quality and Trust for the Indus
tions of CFD (QNET-CFD) is has 40 participants from
tries

QNET is funded by the European Commission
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Closing Remarks

e verification on scientific and engineering software
, based on the comprehensive study of Hatton.

ritization of V&V activities must be done.

ation experiments are significantly different than tra
riments: The code is the customer

h of the existing validation experimental data will pro
equate for quantitative validation

validation experiments will be costly and they will p
rimental facilities

ation experiments must have close cooperation bet
rimentalists and computationalists.

primary goal in validation is assessing the accuracy
xing or improving models.
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Closing Remarks (continued)

s of the codes and users of the results of codes sho
iled documentation of V&V activities.

ust find ways of convincing commercial software c
e information on the V&V procedures they use.

strial settings commonly require mixtures of large n
rs and large modeling uncertainties: calibration of m
 with extreme care.

 activities are commonly supported as long as they:

Don’t cost the code development project too much m

Don’t negatively impact the code development sche

 activities provide short term and long term value ad

o not believe a “V&V inspection approach” will be e
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